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Genome replication of Porcine circovirus type 1 (PCV1) relies upon expression of the full-length protein Rep and a spliced
isoform (Rep9), and the presence of a 111-bp genomic fragment comprising the origin of replication. Using an electrophoretic
mobility shift assay (EMSA), the capability of both Rep proteins to bind to partial fragments of the origin of replication of PCV1
was investigated in vitro. Both proteins formed complexes with double-stranded DNA origin fragments containing a
stem-loop structure with a conserved nonamer and four hexamer repeats (59-CGGCAG; H1 to H4). Use of truncated EMSA
substrates identified minimal binding sites (MBS) for Rep and Rep9 protein: The Rep binding site was mapped to the right leg
of the stem-loop and the two inner hexamer repeats H1/H2, while binding of Rep9 required only the presence of two hexamer
repeats. Two differentially retarded complexes were observed with Rep protein, which presumably result from alternative
binding to the MBS or to H3/4. © 2001 Elsevier ScienceKey Words: Circoviridae; Porcine circovirus type 1; differential splicing; viral DNA replication; Rep proteins; EMSA; band
shift assay.INTRODUCTION
Porcine circovirus type 1 (PCV1) belongs to the family
Circoviridae. Besides PCV1, Chicken anemia virus and
Psittacine beak and feather disease virus have been
classified as circoviruses (McNulty et al., 2000). How-
ever, this classification will probably be revised following
the recent isolation and sequence analysis of Porcine
circovirus type 2 (PCV2), the etiologic agent of postwean-
ing multisystemic wasting syndrome (PMWS) (Ellis et al.,
1999), Columbid circovirus (CoCV/PiCV), and Goose cir-
covirus (GCV) (Mankertz et al., 2000; Todd et al., 2001).
Circoviruses are characterized by small spherical cap-
sids and circular single-stranded DNA (ssDNA) ge-
nomes. The genome of PCV1 consists of 1759 nucleo-
tides (nt) and to our knowledge it is the smallest auton-
omously replicating mammalian virus. Two major open
reading frames (ORFs) have been identified (Fig. 1): The
largest ORF encodes the replication proteins and is tran-
scribed from the viral plus strand. The smaller ORF
specifies a protein of 27.9 kDa and is located on the
counterclockwise strand. Since the analogous ORF of
PCV2 is a structural protein (Nawagitgul et al., 2000), it
can be assumed that this ORF of PCV1 encodes the
capsid protein as well. Transcription of the rep gene
starts in the intergenic region between the two ORFs.
The cap transcript comprises a 120-nt leader region
which is fused by splicing to the start point of translation
(Mankertz and Hillenbrand, 2001; Mankertz et al., 1998b).
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152The origin of DNA replication of PCV1 has been
mapped to a 111-bp fragment (nt 728–838; Fig. 1). It
comprises the intergenic region and the translation ini-
tiation points of the divergently transcribed cap and rep
genes. The origin is characterized by a stem-loop struc-
ture with the nonamer 59-TAGTATTAC in the apex. Similar
sequences occur in circo-, nano-, and geminiviruses
(Mankertz et al., 1997; Meehan et al., 1997). Adjacent to
the stem-loop, the hexamer 59-CGGCAG is found four
times H1–H4 (nt 785–813), with the hexamers H2 and H3
being separated by a 5-bp spacer region. The sequence
of H4 shows a single nucleotide difference (59-CGTCAG).
A similar 13-bp element has been identified as the bind-
ing site for the AL1 protein of Tomato golden mosaic
virus (TGMV), belonging to the genus Begomovirus in the
family Geminiviridae (Fontes et al., 1994).
The rep gene is essential for PCV1 replication (Man-
kertz et al., 1998a). Two differentially spliced rep tran-
scripts have been characterized, resulting in expression
of a full-length Rep protein (312 amino acids, 35.6 kDa)
and a second, partially colinear protein which has been
termed Rep9. Rep9 is truncated to 168 amino acids (19.2
kDa) and the last 48 amino acids are expressed in a
different reading frame (Fig. 1). Rep and Rep9 display
three amino acid motifs, conserved in enzymes mediat-
ing replication in the rolling circle mode (Koonin and
Ilyina, 1993), while a P-loop for binding of dNTPs is found
only in the C-terminal part of Rep. Mutagenesis of these
motifs as well as truncation in the rep reading frame
inhibited PCV1 replication (Mankertz and Hillenbrand,
2001), suggesting that genome replication of PCV1 fol-
lows the rolling circle mechanism. We reported recently
ch repr
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served only if Rep and Rep9 were coexpressed (Man-
kertz and Hillenbrand, 2001). This is in contrast to Rep
proteins of other viruses characterized by a small ssDNA
genome, e.g., Adeno-associated Virus type 2 (AAV2) and
viruses of the genus Mastrevirus in the family Gemini-
viridae. This study is aimed at elucidating the contribu-
tion of both rep gene products to DNA replication of
PCV1. We wanted to test whether both proteins bind to
the origin of replication and which elements serve as a
binding site for Rep/Rep9. Therefore the competence of
Rep and Rep9 to bind in vitro to oligonucleotides com-
prising part of the origin of replication of PCV1 was
tested using a gel retardation assay.
RESULTS
Protein synthesis using the in vitro transcription and
translation system
Rep and Rep9 proteins were expressed in vitro from
plasmids pGEM-rep and pGEM-rep9, in which a FLAG-
epitope was fused to the 59 termini of the inserted rep
reading frames. Western blot analysis and subsequent
detection of the proteins using a monoclonal a-FLAG
antibody demonstrated the synthesis of two proteins
with apparent molecular weights of approximately 36
and 20 kDa (Fig. 2, lanes 2 and 3). This matched the
expected size of FLAG:Rep (320 amino acids) and FLAG:
Rep9 (176 amino acids). The results demonstrate that
expression of the pGEM-based FLAG:rep constructs
FIG. 1. Map of PCV1 and its origin of replication. The two major OR
capsid protein Cap are divergently transcribed. The 111-bp origin of re
translational start points. The origin fragment is characterized by a stem
geminiviruses, and four hexamer repeats shown by stippled boxes whi
repeat is marked by stippled arrows.leads to synthesis of full-length proteins and not to pre-
maturely terminated polypeptides.Rep protein and Rep9 protein bind to double-stranded
(dsDNA) fragments of the origin of replication of
PCV1, but not to ssDNA
An electrophoretic mobility shift assay (EMSA) was
used to test the competence of Rep and Rep9 to bind in
vitro to a synthetic DNA fragment (nt 752–813) compris-
ing part of the origin of replication of PCV1. Aliquots of
the in vitro expressed and FLAG-tagged proteins were
incubated with the Cy5-labeled 61-bp DNA fragment (oli-
gonucleotides are given in Table 1). This probe com-
prised the putative stem-loop sequence with the
nonamer conserved in all circoviruses plus the adjacent
CV1 encoding the replication initiator proteins Rep and Rep9 and the
n comprises the intergenic region between these two ORFs and their
lement with a nonamer that is similar in circoviruses, nanoviruses, and
esent putative binding sites for Rep and Rep9 protein. Another inverted
FIG. 2. Expression of Rep and Rep9 in vitro. Immunoblot on PVDF
membrane showing the in vitro expression of recombinant Rep and
Rep9 protein of PCV1. Samples are Mark 12TM Wide Range ProteinFs of P
plicatio
-loop eStandard (lane 1; marker sizes in kDa), FLAG: Rep (lane 2), and FLAG:
Rep9 (lane 3).
replac
that on
154 STEINFELDT, FINSTERBUSCH, AND MANKERTZfour hexamer repeats (in the following indicated by IOI----).
After resolving the resultant protein:DNA complexes, a
retarded band was seen in the presence of Rep protein
(Fig. 3, lane 2) and another, smaller band with Rep9
protein (Fig. 3, lane 5). Mobility shifts in this study were
also performed with a mixture of both proteins. In all
cases the complexes observed could be attributed to
T
Oligonucleotide
Symbol Orientation Label
IOI---- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCTGCCG
IOI--- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGCCGAGGTGC
IOI-- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-AGGTGCTGCCGC
IOI- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGCCGAAGTGC
IOI 1 2 59-AAGTGCGCTGCT
2 Cy5 59-AAGTGCGCTGGT
OI---- 1 2 59-CTGTAGTATTACC
2 Cy5 59-CTGACGCTGCCG
I---- 1 2 59-CAGCGCACTTCG
2 Cy5 59-CTGACGCTGCCG
---- 1 2 59-CGGCAGCGGCAG
2 Cy5 59-CTGACGCTGCCG
IOIX-- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCTGCCG
IOI--X- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCTGCCG
IOI---X- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCCCGGT
IOI---X 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CCCGGTCTGCCG
IOI---! 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGCCGCTGCCG
IOIXX-- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCTGCCG
IOI--XX 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CCCGGTCCCGGT
IOIX--X 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CCCGGTCTGCCG
IOIXXX- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCCCGGT
IOIXX-X 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CCCGGTCTGCCG
XOX---- 1 2 59-GGGGTTCCAACT
2 Cy5 59-CTGACGCTGCCG
IXI---- 1 2 59-AAGTGCGCTGCT
2 Cy5 59-CTGACGCTGCCG
X-- 1 2 59-GGTTAACCCCCG
2 Cy5 59-CTGCCGCTGCCG
I-X 1 2 59-CAGCGCACTTCG
2 Cy5 59-CCCGGTCTGCCG
Note. The features of the EMSA substrates are given by diagrams
presence of the four hexamers. Sequence alteration in hexamers, the
in the sequence. The sequence difference at position 3 of H4 has been
hybridized and hybrids extracted from a polyacrylamide gel to ensurebinding of either Rep or Rep9, but no additional bands
indicative of a cooperative effect between Rep and Rep9were induced (data shown here only for substrate IOI----,
Fig. 3, lane 8). To verify specific binding of the expressed
rep gene products, a-FLAG antibody was added. A su-
pershift was observed with all samples, demonstrating
that the retardation of EMSA templates was caused by
FLAG-tagged Rep or Rep9 protein and not due to non-
specific binding of proteins present in the wheat germ
in This Study
Sequence
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAG-39
CTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCT-39
AAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAG-39
TAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTT-39
TACAGCAGCGCACTT-39
CACTTCGGCAGCGGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAG-39
GGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCTGCCGAAGTGCGCTG-39
TCGGCAGCGTCAG-39
CTGCCGCTGCCG-39
ATTACCAGCGCACTTACCGGGCGGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCCCGGTAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGACCGGGCACCTCGGCAGCGTCAG-39
CCCGGTCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTACCGGGCGTCAG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAGACCGGG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAGCGGCAG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTACCGGGACCGGGCACCTCGGCAGCGTCAG-39
CCCGGTCCCGGTAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTCGGCAGCGGCAGCACCTACCGGGACCGGG-39
CTGCCGCTGCCGAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTACCGGGCGGCAGCACCTCGGCAGACCGGG-39
CTGCCGCCCGGTAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTACCGGGACCGGGCACCTACCGGGCGTCAG-39
CCCGGTCCCGGTAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACCAGCGCACTTACCGGGACCGGGCACCTCGGCAGACCGGG-39
CCCGGTCCCGGTAAGTGCGCTGGTAATACTACAGCAGCGCACTT-39
ATTACTTGGAACCCCCGGCAGCGGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCTGCCGGGGGTTCCAAGTAATACTACAGTTGGAACCCC-39
TAGTTCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAGCGTCAG-39
CTGCCGCTGCCGAAGTGCGCTGAACTAGTACTAGCAGCGCACTT-39
GGCAG-39
TTAACC-39
CCGGG-39
CGCTG-39
icates the presence of the complete stem-loop, while ---- shows the
op, or the nonamer are indicated by x in the diagram and underlined
ed by G in oligonucleotides marked by !. Plus and minus strands were
ly dsDNA substrates were used in the EMSA.ABLE 1
s Used
GTAGT
AGGTG
GTAGT
TGCCG
GTAGT
TGCCG
GTAGT
GCTGG
GTAGT
AATAC
AGCG
AGGTG
GCAGC
AGGTG
CACC
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GTAGT
AGGTG
GATAC
AGGTG
GCAGC
GGGG
GCAGA
AAGTG
. IOI ind
stem-loextract (Fig. 3, lanes 3, 6, and 9).
When the same experiment was performed with
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retarded bands were also detected. In contrast to results
with dsDNA substrates, no supershift was seen after the
addition of a-FLAG-specific antibody. Therefore it was
concluded that retardation of the ssDNA EMSA sub-
strates was not induced by Rep or Rep9 protein but due
to nonspecific binding of proteins present in the wheat
germ extract. Since binding activity of Rep protein of
CFDV was reported to be ATP-dependent (Merits et al.,
2000), experiments were performed with a binding buffer
containing ATP and Mg21, but no ssDNA binding activity
was observed with either Rep or Rep9 (data not shown).
Delimiting the minimal binding site of Rep and Rep9
protein
To delimit the minimal binding site (MBS) for the two
Rep isoforms, binding substrates truncated either from
the 59- or 39- end were tested in the EMSA. Efficient
binding of Rep protein was observed with the original
sequence IOI---- (Fig. 4A, lane 1) and with truncated sub-
strates IOI---, I
OI--,
OI----, and I---- (lanes 3, 5, 11, and 13), while
only a faint signal was seen with substrates IOI- and ----
FIG. 3. Binding of Rep and Rep9 protein to a dsDNA template carrying
the stem-loop with the conserved nonamer and the four hexamers
59-CGG/TCAG. Electrophoretic mobility shift assay (EMSA) shows the
interaction of Rep (lanes 1–3), Rep9 (lanes 4–6), and a mixture of both
proteins (lanes 7–9) with a 62-bp fragment comprising the character-
istic sequence elements of the origin of PCV1. Protein:DNA complexes
were incubated in the presence (1) or absence (2) of an a-FLAG
antibody and resolved on a nondenaturing polyacrylamide gel. The spec-
ificity of complex formation was tested by induction of a supershift with the
a-FLAG antibody (lanes 3, 6, and 9). An extract programmed for expression
of a luc gene was used as a negative control in lanes 1, 4, and 7. The
positions of complexes formed after addition of Rep and Rep9 protein (C1
and C19) and the supershift complex (ss) are indicated.(lanes 7 and 15). No Rep binding was observed to sub-
strate IOI carrying only the stem-loop (lane 9). Rep9 pro-tein bound to the same substrates as Rep (Fig. 4B), but
binding of Rep9 to substrate ---- seemed to be stronger
and to IOI- seemed to be weaker than Rep protein (Figs.
4A and 4B, lanes 15 and 7, respectively). Both proteins
induced two distinct complexes, varying with respect to
their degree of retardation: complex 1 (C1 with Rep and
a smaller C19 with Rep9) with a lower retardation was
seen with substrates IOI----, I
OI-, and ----, while highly re-
tarded complex 2 (C2 with Rep and a smaller C29 with
Rep9) was observed with IOI---, I
OI--,
OI----, and I----.
Since binding of the Rep proteins was observed if the
two inner hexamers H1/2 and the right part of the stem-
loop were present on the EMSA substrate, we hypothe-
sized that these elements should constitute the MBS for
Rep and Rep9 in vitro. To test this assumption, substrate
I-- was complexed with Rep protein. As a result, complex
1 was formed (Fig. 4A, lane 17). Mutagenesis of the
putative MBS in oligonucleotides X-- and I-x resulted in
loss of Rep binding capacity (lanes 19 and 21). In con-
trast, C19 was observed after binding of Rep9 protein to
I--, while substrate X-- induced formation of C29 (Fig. 4B,
lane 17 and 19). Retardation of substrate I-x was not
observed (lane 21). The result of this experiment clearly
demonstrates that the two inner hexamers H1/2 mediate
the interaction of Rep9 with the origin. For DNA-binding
activity of the Rep protein, the right part of the stem-loop
is additionally needed.
Analysis of the contribution of the hexamers and the
stem-loop to protein binding by mutagenesis: Binding
of Rep and Rep9 induces differentially retarded
complexes
To investigate the role of the stem-loop and each
hexamer for the binding of Rep and Rep9, templates with
mutated hexamers were used. In oligonucleotides IOIx---,
IOI-x--, I
OI--x-, and I
OI---x, the sequence of the hexamer
marked by an “x” has been altered from 59-CGGCAG to
59-ACCGGG. After addition of Rep protein, retardation
was observed with all templates, indicating that mu-
tagenesis of only one hexamer did not abolish binding
competence of the substrate for Rep protein. Faster mi-
grating complex C1 was formed with IOIx--- and I
OI-x-- (Fig.
5A, lanes 1 and 3), while Rep induced highly retarded
complex C2 with substrates IOI--x- and I
OI---x (lanes 5 and
7). When oligonucleotide IOI---!, in which the sequence
difference within the last hexamer H4 was corrected
(59-CGTCAG to 59-CGGCAG), was compared to IOI----,
complex C2 was seen instead of complex C1 (lane 9).
Similarly, mutagenesis of two of the four hexamer re-
peats in substrates IOIxx-- and I
OI--xx influenced the mobility
of the complex: C1 was formed with the substrate in
which H1/H2 was affected, while C2 was detected with
the probe carrying a mutated H3/H4 (lanes 11 and 13). To
answer the question whether the two hexamers recog-
nized by Rep and Rep9 must be located side by side (as
ns (X--
dicated
156 STEINFELDT, FINSTERBUSCH, AND MANKERTZin the case of H1/H2) or whether the 5-bp spacer be-
tween H2 and H3 can be tolerated, substrate IOIx--x was
used. Rep binding did not result in formation of a distinct
complex, and only a faint signal was detected after
addition of a-FLAG antibody (lanes 15 and 16), indicating
that the 6-bp repeats must be directly adjacent for effi-
cient binding. A comparable result was observed with
EMSA substrates IOIxxx- and I
OIxx-x with only one functional
hexamer (lanes 17 to 20).
Next, the sequence of the stem-loop was altered. In
substrate XOX----, the sequence of the left and right legs of
FIG. 4. Delimiting the minimal binding site of Rep and Rep9 protein
lanes) or presence (1; even-numbered lanes) of an a-FLAG antibody a
is shown in A; binding of Rep9 protein is shown in B. Complexes
oligonucleotides truncated from the 39 end (IOI---, lane 3; I
OI--, lane 5; I
OI
17 to 22, the minimal binding site I-- and two sequence-altered versio
substrates. The positions of two differently retarded complexes are inthe stem loop has been rearranged without affecting the
putative secondary structure of the element. In IXI----, theconserved nonamer in the apex of the stem-loop was
rearranged from 59-TAGTATTAC to 59-AAACGTTTT. Addi-
tion of Rep protein induced formation of C1 with the first
substrate and C2 with the second (lanes 21 and 23).
Due to the blurred appearance of the complexes in-
duced by Rep9, formation of C19 or C29 was not clearly
seen, but Rep9- and Rep-induced complexes seemed to
be comparable with three exceptions: Rep9 binding to
IOI---! seemed to induce C19 instead of C29 (Figs. 5A and
5B, lane 9). Second, substrate XOX---- was bound by Rep9
with a much higher efficiency than that of Rep (Figs. 5A
X
n:DNA complexes were incubated in the absence (2, odd-numbered
olved on a non-denaturing polyacrylamide gel. Binding of Rep protein
been produced using the original sequence IOI---- (lane 1), and ds
; IOI, lane 9) and 59 end (OI----, lane 11; I----, lane 13; ----, lane 15). In lanes
and I-x), deduced from the initial experiments, were used as binding
by C1 and C2 for Rep and C19 and C29 for Rep9.. Protei
nd res
have
-, lane 7and 5B, lanes 21 and 22) and substrate I I---- induced C19
instead of C2 (Figs. 5A and 5B, lanes 23).
trates w
en in th
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Rep and Rep9 are products of the rep gene of PCV1.
Coexpression of both proteins is essential for replication
of the viral DNA. Since this feature discriminates PCV
from other viruses with a ssDNA genome, we wanted to
analyze the contribution of each rep gene product to the
FIG. 5. Mutagenesis of conserved sequence elements within the orig
mutagenized sequence elements with (1) or without (2) the a-FLAG a
was used for the experiments shown in (B). In the first eight lanes, one
3 and 4; IOI--x-, lanes 5 and 6; I
OI---x, lanes 7 and 8). Lanes 9 and 10 show t
found in H4 was altered; thus four identical hexamer repeats are found
for experiments documented in the next six lanes (IOIxx--, lanes 11 and
been left unmodified in templates IOIxxx- and I
OIxx-x (lanes 17 to 20). Subs
assays (XOX----, lanes 21 and 22; I
XI----, lanes 23 and 24). Details are givinitiation of genome replication. This study demonstrates
that the full-length Rep protein and the differentiallyspliced Rep9 protein both have the capability to bind in
vitro to dsDNA fragments comprising the stem-loop se-
quence and the four hexamers. In general, Rep9-induced
signals had a less focused, blurred appearance than
those seen with Rep protein. This may reflect a lower
stability of Rep9 bound to DNA compared to Rep protein.
In our experiments, Rep and Rep9 protein displayed no
plication of PCV1. EMSA was performed using ds oligonucleotides with
. (A) Complexes induced by binding of Rep protein, while Rep9 protein
our hexamers was sequence-modified (IOIx---, lanes 1 and 2; I
OI-x--, lanes
ing of Rep/Rep9 to a substrate in which the single sequence difference
nt to the stem-loop. The sequence of two hexamers has been changed
xx, lanes 13 and 14; I
OIx--x, lanes 15 and 16), and only one hexamer has
ith alteration of the stem-loop element have been used in the last two
e text and in Table 1.in of re
ntibody
of the f
he bind
adjace
12; IOI--affinity for ssDNA, regardless of the polarity of the DNA
substrates. This corroborates the notion that, by analogy
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cative intermediates relies upon host-encoded factors
and is not fulfilled by viral rep gene products. Binding of
Rep protein (AL1) of the geminivirus Tomato golden mo-
saic virus to the motif GGTAGTAAGGTAG was reported
previously (Fontes et al., 1994). Similarly, AL1 also binds
only to dsDNA templates. In contrast, ssDNA binding
activity of the Rep protein of the nanoviruses CFDV and
Banana bunchy top virus (BBTV) has been demonstrated.
ATP dependence was demonstrated for CFDV, while this
was not necessary for BBTV (Hafner et al., 1997; Merits
et al., 2000). No cooperative effect between Rep and
Rep9 was observed using the in vitro synthesized pro-
teins; nevertheless, it cannot be totally excluded. The
lack of a cooperative effect may be attributed either to
the absence of cofactors (e.g., divalent cations) or to a
missing posttranslational modification of the Rep and
Rep9 proteins in the in vitro system. Since phosphoryla-
tion has been reported to influence the ability of proteins
to form homo- and heterodimers (Gille et al., 1996), the
EMSA approach using the two proteins produced by the
wheat germ extract system may not reflect the in vivo
situation. Using a pull-down assay, interaction of Rep
and Rep9 proteins expressed in Escherichia coli has
been demonstrated (T. Finsterbusch, unpublished re-
sults).
Our results obtained with truncated EMSA substrates
indicate distinct sequence requirements for binding of
the two proteins: Rep protein binds to 59-CAGCGCACT-
TCGGCAGCGGCAG. This element is composed of the
right leg of the stem-loop and the two adjacent hexamers
(italics). Since mutagenesis of the stem-loop element
interfered with Rep binding, the exerted effect is se-
quence specific and cannot be attributed to the require-
ment of a substrate with a certain length. In contrast,
Rep9 protein induced complex formation with substrates
X--, ---- , and X
OX----, while no or only very faint interaction
of the Rep protein was seen with these oligonucleotides.
Therefore the sequence of the stem-loop seemed not to
be an essential part of the MBS for Rep9, indicating a
different requirement of the Rep and Rep9 proteins with
respect to the sequence and the length of the MBS.
Template IOIx--x, in which the two nonmodified hexa-
mers were separated by 5 bp, was bound neither by Rep
nor by Rep9 protein. This demonstrates that the two
hexamers must be directly adjacent and that an interrup-
tion by a 5-bp spacer is not tolerated. Although a MBS
has been delimited, it cannot be the only determinant for
Rep and Rep9 binding, since both proteins bound in vitro
to the substrates ----, I
OIx---, I
OI-x--, I
OIxx--, and X
OX----, in which
the sequence of the MBS is partially deleted or changed.
Therefore binding of Rep and Rep9 to the origin is likely
influenced additionally by other elements, for example,
the presence of the conserved nonamer in the stem-
loop.This notion was reinforced by analysis of two com-
plexes of different electrophoretic mobility induced by
Rep and Rep9 protein. C1 and C19 were seen with the
original substrate IOI---- and with I
OIx---, I
OI-x--, I
OIxx--, and
XOX----, the latter four having modifications in the MBS. C2
or C29, displaying a higher degree of retardation, were
induced by binding of Rep or Rep9 to the substrates IOI--x-,
IOI---x, I
OI---!, I
OI--xx, I
OI---, and I
OI--, in which hexamers 3 and
4 have been altered or deleted. C2 or C29 complexes
have also been observed with oligonucleotides OI----, I----,
and IXI----, in which part of the stem-loop is missing or
sequence-altered, but the MBS is unaltered. The differ-
ence of C1 and C2 in electrophoretic mobility may be due
to a variable protein stoichiometry of the C1 and C2
complexes. In most experiments resulting in the forma-
tion of C2 or C29, a faint signal for C1 and C19 was also
observed. This suggests that formation of C1 may be a
precondition for subsequent formation of C2.
Taking all this into account, the idea of an alternative
binding mode of Rep/Rep9 to two different binding sites
became attractive. Provided that H1/H2 and H3/H4 are
not equivalent, it is assumed that a higher number of
Rep/Rep9 monomers can be loaded onto H1/H2, leading
to induction of C2/C29. In C1/C19, hexamers H3/H4 in-
duce formation of a complex with a lower number of Rep
and Rep9 monomers. The only template that was not
consistent with our hypothesis was the original se-
quence IOI----, which should result in a C2 complex with
Rep since the active MBS is present. Since C1 has been
demonstrated with IOI---- repeatedly, an additional level of
regulation is proposed in which interaction between the
59 and 39 end of the substrate may lead to a different
secondary structure and sequestration of H1/2 from Rep
binding.
For simplification the following model is discussed
with Rep protein only:
1. Rep binds preferentially to the minimal binding site,
CAGCGCACTTCGGCAGCGGCAG, which is composed of
the right leg of the stem-loop and hexamers H1/H2. If
H1/2 is not available, the protein binds alternatively to
H3/4.
2. The protein:DNA ratio is different for H1/2 and H3/4.
Due to an effect not yet understood, more Rep monomers
can bind to H1/2 than to H3/4. By binding to H1/H2, C2 is
induced, which is retarded to a higher extent in the
EMSA than C1 (Rep bound to H3/4). The nonequivalence
of H1/H2 and H3/H4 may be due to either the sequence
variation in H4, the location of the stem-loop adjacent to
H1/H2, or an effect induced by the localization of H3/H4
at the 39-terminus of the DNA fragments. In an experi-
ment using EMSA substrate IOI---! with four identical re-
peats, Rep binding induced the formation of C2 instead
Oof C1 with the unmodified oligonucleotide I I----. Since it
cannot be judged whether this effect is caused by the
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tion between the 39 and 59 termini of the EMSA substrate
(see below), the mechanism remains unclear.
3. An interaction takes place between the 59 and the
39 end of the 61-bp DNA fragment IOI----. As a conse-
quence, H1/2 is sequestered and Rep can bind only to
H3/4. Truncation or modification of the 59 or of 39 end
abolishes this interaction and the sequestration of H1/2,
allowing Rep to bind to H1/2 instead of H3/4. The basis
for this interaction between the 59 and 39 end of the 61-bp
oligonucleotide is not yet known; it may be mediated by
interaction of DNA elements or by binding of unidentified
protein factors leading to an alternative secondary struc-
ture.
In this study, we have demonstrated binding of the Rep
and Rep9 proteins of PCV1 to dsDNA fragments compris-
ing part of the viral origin of replication. Two distinct
complexes differing in the degree of retardation were
observed when the original sequence was altered or
truncated. The results suggest that binding of Rep or
Rep9 protein either to the right part of the stem-loop plus
H1/H2 or to H3/H4 results in complexes of different
stoichiometry. It will be interesting to learn whether this
mode of alternative binding of Rep and Rep9 to the
sequence elements in the origin of replication plays a
role in replication of PCV1 in vivo. Experiments investi-
gating the replication capacity of plasmids carrying the
replication origin of PCV1 mutagenized in the four hex-
amers are underway.
MATERIALS AND METHODS
Generation of FLAG-tagged Rep/Rep9 protein
In vitro expression via the TNT system relies upon viral
promoters from which the recombinant proteins are ex-
pressed. Rep and Rep9 protein of PCV1 were cloned into
vector pGEM3Zf(1) under control of the T7 promoter.
PCR fragments were generated with high-fidelity poly-
merase (Roche Molecular Biochemicals, Mannheim,
Germany) from plasmid templates pORF4A (Rep) (Man-
kertz et al., 1998a) and pAM4 (Rep9) (Mankertz and Hill-
enbrand, 2001), encoding the cDNA product of the
spliced rep9 transcript. Primer F181 (59-GGAATTCATG-
GACTACAAGGACGACGACGACAAGCCAAGCAAGAAAA-
GCGGC, PCV1 nt 822–839) introduced an EcoRI restric-
tion site (in italics) and a FLAG epitope (underlined)
within the 59- end of the rep gene at nt 822, immediately
downstream of the Rep start codon. Backward primer
B182 CGCCCGGGCGATGTGATAACAAAAAAGACTCAGT
carries an AvaI site. Cycling parameters were 95°C for 2
min; 253 [95°C for 20 s; 58°C for 20 s; 72°C for 10 min]
72°C, 10 min. PCR fragments were purified (PCR nucle-
otide removal kit; Qiagen, Hilden), restricted with AvaI
and EcoRI, and cloned into AvaI and EcoRI restricted
vector pGEM3Zf(1) (Promega, Mannheim, Germany). Re-sultant plasmids pGEM-rep and pGEM-rep9 were se-
quenced to exclude PCR-acquired misincorporations.
In vitro transcription and translation
In vitro transcription and translation of FLAG-tagged
Rep and Rep9 protein was performed using the TNT
wheat germ extract system (Promega) according to the
manufacturer’s instructions. Plasmids pGEM-rep and
pGEM-rep9 were linearized with HindIII. DNA (1 mg) was
incubated with 25 ml wheat germ extract plus additives (2
ml buffer; 1 ml polymerase; 0.5 ml mix 2 Met; 0.5 ml mix
2 Leu; 1 ml RNase inhibitor) in a volume of 50 ml at 30°C
for 90 min. Aliquots (4 ml) of these protein extracts were
used in each EMSA.
EMSA
Oligonucleotides that comprised the right part of the
origin of replication with the stem-loop (indicated by IOI)
and the four hexamers (indicated by ----) were used as
substrates for gel retardation (Table 1). Oligonucleotides
were labeled with Cy5 at the 59- end. To generate ds
templates, complementary oligonucleotides (40 mM)
were mixed and denatured for 5 min at 95°C. The mixture
was cooled down slowly to room temperature. Hybrid-
ized oligonucleotides were isolated from the gel, using
the “crush and soak” method (Maxam and Gilbert, 1977).
The oligonucleotide was incubated with 4 ml protein
extract containing either Rep or Rep9, 2 ml of both pro-
teins, or 4 ml Luc protein expressed in vitro, 1.5 ng l DNA,
2 ml binding buffer [0.5 mg/ml poly(dI z dC), 22% glycerol,
0.05 M Tris–HCl (pH 7.4), 0.25 M NaCl] and 2 ml water at
room temperature for 15 min. Specificity of the Rep/Rep9
binding was detected routinely by supershift induction of
the complex by monoclonal a-FLAG antibody M2 (Sigma,
St. Louis, MO). For this purpose, a-FLAG antibody (0.55
mg/ml) in binding buffer (plus BSA) was added and incu-
bated for 20 min at room temperature. Protein:DNA com-
plexes were resolved on 5.5% non-denaturing polyacryl-
amide gels. Complex formation with Cy5-labeled oligo-
nucleotides and Rep isoforms was detected with the
Fujifilm fluorescent image analyzer FLA-2000 using filter
R675, 633 nm, sensitivity value F1000, and resolving
power 200 mm.
Immunoblot analysis
To test the size of the proteins synthesized in vitro, a
Western blot was performed according to standard pro-
tocols (Sambrook and Russell, 2001). Proteins were blot-
ted onto a PVDF membrane, blocked, and incubated with
5 ml a-FLAG antibody M2 (10 mg/ml). Five milliliters
a-mouse IgG (0.24 mg/ml) coupled to alkaline phospha-
tase was used as secondary antibody and detected with
the multicolor detection set (Boehringer Mannheim,
Mannheim, Germany). Molecular weight marker Mark
12 Wide Range Protein Standard (Invitrogen, Groningen)
160 STEINFELDT, FINSTERBUSCH, AND MANKERTZwas visualized with amidoblack solution (Towbin et al.,
1979).
GenBank Accession Numbers
All nt refer to PCV1 isolated from PK15 cells (GenBank
Y09921). Rep9 protein sequence is published under
AF276303.
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